Introduction
Understanding the synthesis of nanomaterials by a sub-atmospheric pressure arc discharge, such as a carbon arc for synthesis of fullerenes, nanotubes, and graphene [2] [3] [4] , requires knowledge of the plasma parameters and composition in the region of nanostructure formation and growth. There is currently no satisfactory theoretical description of this process due to the lack of reliable and accurate measurements. It is challenging to perform in situ, non-invasive measurements in the harsh arc discharge environment. Ex situ evaluation of synthesized nanostructures does not provide detailed understanding of the growth mechanism and conditions. The use of probes for detection of densities, temperatures, and other environmental parameters or collection of samples has the drawback of inducing perturbations in the region of interest.
Starting from the discovery of synthesis of carbon nanotubes (CNT) in a carbon arc by Iijima [5] , a variety of methods for producing carbonaceous nanostructures have been developed [6] [7] [8] . In parallel, in situ measurements of synthesis precursors were carried out using optical techniques. Lange et al [9] applied optical emission spectroscopy (OES) to study arc plasma composition and diatomic carbon (C 2 ) radicals; this work was continued in [10] [11] [12] . Other OES measurements of carbon species in arcs were carried out in [13, 14] . However, OES measurements are line-integrated along the observation sightline and additional assumptions are required to deduce density and temperature profiles. These assumptions introduce ambiguity in the interpretation of OES measurements. Advanced laser-based spectroscopy was applied to study carbon species in the laser vaporization synthesis method [15] [16] [17] .
Carbon atoms in arc undergo several transformations before incorporating into a nanostructure. They are evaporated from the anode material in form of molecules (C 2 , C 3 ) [18] and larger particles [19] and then dissociated in the hot arc core to carbon atoms. At lower temperatures (3000-5000 K), carbon atoms associate back to C 2 and C 3 molecules [20] , as evidenced by intense emission of molecular bands from these species. Recent studies show that the C 2 content may affect the properties of the synthesized nanomaterial [21, 22] . Abundance and the opportunity to affect the synthesis path reveal the critical role of C 2 as an important synthesis precursor.
Laser induced fluorescence (LIF) differs from other spectroscopic techniques due to its high selectivity, sensitivity and high spatial and temporal resolution. LIF is inherently free from the effects of laser background light, which is a significant advantage for application to high pressure plasmas in which scattered laser light is very intense. Sub-atmospheric pressure arc plasmas containing molecular species are characterized by complex chemistry that depends on the plasma state. The volume occupied by plasma is relatively small and features large time-evolving gradients. Thus, the LIF technique is best suited to the study of carbon precursor species participating in synthesis. A variant of LIF known as planar LIF, allows instantaneous measurement of density distribution profiles with all the benefits of conventional LIF. In planar LIF, the laser beam is shaped into a sheet geometry and a two-dimensional detector is used. LIF and planar LIF techniques are described in detail in [23] [24] [25] .
Here, we report the first comprehensive measurements of spatial and temporal profiles of carbon dimers in sub-atmospheric-pressure carbon arc by the laser-induced fluorescence technique. Planar LIF was applied to obtain quantitative density distributions of C 2 in different modes of arc operation. The spatial profiles of C 2 forming a hollow spherical shape and further referred as a bubble [26] were found to coincide with growth region of CNTs [1] . Presence of C 2 and its influence on the nanotube growth in arc are currently under investigation and will be published in a separate paper. The C 2 density profiles reported in this paper are therefore of great interest for modeling of synthesis processes in the carbon arc.
Description of quantitative planar LIF
The rate equation for the population of the excited state n 2 can be written as
where n 1 is the population of the lower (pumping) state, B 12 is the Einstein absorption coefficient and t eff is the effective lifetime of the excited state which accounts for all processes leading to depopulation of the excited state. The laser stimulated depopulation term is neglected here assuming  n n . I is the spectral laser intensity defined as
where E L is the laser energy per pulse and G is the dimensionless lineshape integral accounting for the interaction between the laser and transition absorption lineshape profiles,
is the absorption lineshape centered at transition frequency and normalized by unity,
is the laser lineshape normalized to
where the n D tr is the transition linewidth.
The measured LIF signal S LIF is proportional to the number of fluorescence photons
where A 21 is the Einstein coefficient for spontaneous emission from the excited state, V is the interaction volume, Ω is the solid angle observed by the collection optics and K is a cumulative coefficient related to the properties of the detector and collection optics and the spatial profile of the laser intensity. Since the n 1 can be correlated with the population of the ground state through the Boltzmann factor, = n n f , 1 0 B the ground state density can be obtained from the measured LIF signal without accounting for saturation effect as
Direct implementation of equation (4) requires knowledge of cumulative parameter K, interaction volume and observation solid angle which are hard to obtain. Therefore, these undetermined parameters are commonly estimated by calibration via Rayleigh or Raman scattering. In appendix B, we describe in detail how these parameters were obtained by Rayleigh scattering (RS) measurements.
The phenomenon of transition saturation is important to consider in experiments with single shot LIF measurements. Balancing between signal-to-noise ratio (SNR) and linear LIF signal response shifts the level of the laser intensity towards the saturation region. In multi-shot LIF measurements the accumulation of the signal allows lowering the laser intensity keeping SNR the same. Planar LIF geometry introduces spatial dependence of the laser intensity in transverse direction (relative to the laser beam propagation); it is described in appendix B. Therefore, the saturation effect becomes, in general, space dependent; it is discussed in appendix D.
Another important phenomenon related to the LIF measurements in atmospheric plasmas is the shortening of the excited state lifetime. It is mostly due to quenching by surrounding atoms and molecules, plasma electrons and branching channels. In the synthesis arc, participation of the species of interest in synthesis processes contributes to the lifetime shortening as well. Therefore, time-resolved LIF measurement of the excited state lifetime is required (appendix C). It also allows fine tuning of the fluorescence acquisition time in planar LIF to further improve SNR.
Experimental setup

Arc setup
The arc system used in this experiment is an sub-atmospheric pressure DC arc discharge that is described in detail in [26] . It consists of a stainless steel 6-way cross equipped with four optical viewports allowing access to the inter-electrode region where the plasma is formed. Two graphite electrodes of 9.5 mm (cathode) and 6.5 mm (anode) in diameter are aligned vertically and their position can be adjusted via two computer controlled motorized translational stages. Helium was used as the buffer gas. The flow of helium was regulated by a feedback controlled vacuum line and flow needle valve via a PID algorithm (using LabVIEW) to maintain 66.7 kPa total pressure in the chamber. The arc setup and LIF diagnostic assembly are schematically shown in figure 1 .
The arc between graphite electrodes was initiated by bringing the electrodes into contact and then moving them apart. The power supply maintained a constant discharge current while the discharge voltage was determined by the inter-electrode gap length. There are two modes of arc operation that differ by the anode ablation rate [26] . In the low ablation mode, the anode material ablation rate is below 1 mg s −1 and almost independent of the arc current. In contrast, the high ablation mode features larger anode ablation rates (up to 10 mg s −1 ) and strong correlation with the current.
A recent study has also revealed dependence of the ablation rate on the gap length at fixed current. The transition between low and high ablation mode occurred at about 55 A current for a given electrode geometry. The two arc operation modes are also characterized by different arc behavior. Arc core motion is confined between the electrodes in the low ablation mode and oscillates with frequencies up to 10 kHz. In high ablation mode, the arc core attachment extends to the side surface of the anode and features additional oscillations that are dominant in the frequency range below kHz [27] . Such unpredictable dynamics of the arc complicates the application of the diagnostics. This difficulty was overcome by implementing LIF diagnostic in planar geometry described in next section. It allows us to obtain spatial density profiles of C 2 in a single measurement within tens ns time thus effectively eliminating effects of arc motion. In the current paper, we present results for discharge currents of 50 and 60 A corresponding to the low and high ablation modes of the carbon arc.
Planar LIF setup
The planar LIF diagnostic setup was employed to obtain instantaneous density distribution profiles. The LIF laser system consisted of a Spectra-Physics (Sirah) Cobra-Stretch dye laser pumped by the third harmonic (355 nm) of a Continuum SL-III Nd:YAG laser. For excitation of the C 2 (3, 1) transition used in this study, Coumarin 440 laser dye dissolved in ethanol was used. The dye laser was operated near 437 nm with a linewidth of 0.06 cm −1 . The fluorescence was detected near 470 nm. The output energy of the pump laser was approximately 100 mJ and the dye laser output energy was about 10 mJ, with an estimated energy fluctuation of 12%. The dye laser beam passed through a variable attenuator (1/2 wave-plate and linear polarizer mounted on a rotational stage), which allowed the laser energy to be varied continuously. The laser beam was then directed into an adjustable aperture installed in front of the chamber entrance quartz window.
Planar LIF utilizes a sheet-like laser beam profile oriented vertically along the axis of the arc electrodes. The beam shaping was achieved by a cylindrical lens as shown in Figure 1 . Schematic of the experimental setup and LIF diagnostics. figure 1. The thickness of the laser beam was estimated to be 50 μm using the Rayleigh criterion. The height of the laser beam was limited by the aperture. Due to the laser shaping, the transverse profile of the laser beam intensity shows a gradual decrease toward the edges (see appendix B). This implies a need for a laser power distribution correction for the LIF measurements in planar geometry.
An intensified CCD (iCCD, Andor iStar) camera was used to obtain the LIF signal from the sheet-like interaction volume in one laser shot. The iCCD camera was coupled to an objective lens and bandpass filter (Andover 470FS10-50, centered at 470 nm with bandwidth 10 nm). The spatial resolution was 1/36 mm per pixel. The exposure time of the iCCD camera was adjusted to match the duration of the fluorescence signal (see appendix C) to minimize the collection of radiation from the plasma volume passing through the bandpass filter. The background was subtracted from the collected signal. However, this subtraction is a key contributor to the measurement error due to the long time intervals between subsequent acquisitions with the laser on and off.
Results and discussions
Measurements of C 2 spatial density profiles were conducted in low and high ablation mode of the arc operation [28] . Comprehensive analysis of the nanomaterials synthesized in the arc operated in high ablation mode can be found elsewhere [29, 30] ; however, to the best of our knowledge, there are no reports of nanotube synthesis in the low ablation mode. We carried out ex situ evaluation of the nanomaterials produced in the low ablation mode by transmission electron microscopy (TEM) and Raman spectroscopy. While both modes were confirmed to produce single-walled carbon nanotubes (SWCNTs), single-walled carbon nanohorns (SWCNHs), and amorphous carbon, the ratio of SWCNTs to other carbon nanomaterials, is higher for samples collected in high ablation mode than low ablation mode (see appendix F for details of nanomaterial evaluation). These results confirm that the plasma species observed and the nanostructures synthesized are correlated.
Experimental results
A set of frames showing the measured C 2 density distribution during the first half minute of the arc operated at 50 A current is shown in figure 2 . This current corresponds to the low ablation mode of the arc. The arc voltage and current waveforms are shown in the bottom-left with time markers corresponding to recorded planar LIF images (1)-(4). After initiation of the arc, C 2 always dominates in the region near the anode surface ablated by the arc core (figure 2). However, flare-like structures of C 2 extending towards the cathode can be observed during the first several seconds as seen in figures 2(1) and (3). Typical C 2 densities in these flares are in the range 10 16 -10 17 cm −3 . At these times, the C 2 distribution is non-uniform and asymmetric relative to the electrode axis. It is unclear if C 2 is formed in the anode vicinity due to evaporation from micro-particles [19] and large molecules dissociation [18] or from the carbon atom flux from the evaporated anode.
Later in time, corresponding to images (3) and (4), the bubble-like structure of the C 2 distribution is formed and remains until the arc extinction. LIF images shown in figure 2 are selected arbitrary and were generated from the intersection of the laser sheet beam with C 2 volumetric distribution and therefore the observable shape of the bubble is affected by the bubble position. While the distribution of C 2 shown in figure 2(4) is mostly observed in the low ablation mode, these images show that plasma species distribution evolving in time and space should be known during the material collection and probing.
In this regime, the largest density of C 2 up to 3 × 10 16 cm −3 is observed near the anode surface. In the bubble boundary layer, the density is in the 10 15 cm −3 range.
The size of the C 2 bubble in the radial direction is larger for larger gaps l gap and typically exceeds the anode size when  l r, gap a where r a is the anode radius. At small gaps
the C 2 bubble is confined between electrodes and exhibits sporadic motion, see figure 3 . As was shown by the fast frame imaging diagnostic in [26] , the bubble follows the arc core dynamics. In figure 3 , the arc is operated in high ablation mode and C 2 densities in the bubble boundary layer are approaching few 10 16 cm −3 . The C 2 density near the anode surface is up to 10 17 cm −3 . The C 2 concentration increase is mainly due to the increase of the current and partially due to the decrease of the gap length. The size of the C 2 bubble is smaller for shorter gaps as it is clearly seen by comparing figures 2(4) and figure 3(2). However, in both cases of small and large gaps, the bubble boundary extends up to a distance of 3-5 mm in the radial direction (compare figure 2(4) and figure 3(3) or figure 3(1) ). In the high ablation mode, the presence of C 2 at 5 mm radial distance is due to the bubble motion (e.g. the bubble shifts off the electrode axes). This is an important observation because recently applied fast movable witness plate diagnostics detected CNTs at radial distances 3-11 mm [1] . Thus, from the synthesis point of view, C 2 can be present in the growth region following two different scenarios corresponding to low and high ablation modes:
1. With concentration about 10 15 cm −3 and small variation during the arc operation (low ablation mode) 2. With concentration above 10 16 cm −3 but time-dependent, determined by the bubble (arc) motion (high ablation mode).
The highest yield of synthesis of carbon nanomaterials (e.g. nanotubes) is typically obtained in arcs operated in high ablation mode with short inter-electrode gaps. This is well correlated with observation of the largest concentration of the carbon molecular precursor (C 2 ) in this regime. Therefore, the C 2 density values and time evolution in synthesis region are important inputs for synthesis modeling. It follows from the arc modeling described in the next section that the C 2 content is high in the synthesis region (temperature 2000-4000 K) where catalyst particles condense into droplets and CNTs grow.
Modeling
The measurements presented in this work are complemented by 2D-axisymmetric simulations of carbon arc discharge in helium atmosphere and by analytical relations allowing simple estimation of C 2 molecules number density in the C 2 maximum concentration region (the C 2 bubble layer).
3.2.1.
Comparison with results of 2D simulations. The 2D steady state simulations of carbon arc discharge in helium atmosphere performed with the computational fluid dynamics code ANSYS CFX which was customized for this purpose. A fluid model of the plasma was coupled with models of heat transfer and current flow in the electrodes to allow selfconsistent determination of temperature and current density profiles, non-uniform ablation, and deposition of carbon at surfaces of the electrodes. The ratio of carbon to helium concentrations in the gas mixture was determined via solving a diffusive transport equation for 'general' carbon; a chemical composition of carbon species was assumed to be in a local equilibrium and was calculated using Gibbs energy minimization approach like one used in [20] . Nonequilibrium effects in the plasma, such as thermal and ionization non-equilibrium, electron diffusion, thermal diffusion and charge separation in near-electrode sheathes were accounted for more accurate description of the plasmaelectrode interaction. This enables better prediction of ablation and deposition areas and temperature profiles to determine the distribution of carbon species in the plasma volume. Transport coefficients in plasma were taken from [31] . The plasma model was benchmarked [32] against previous numerical studies [31] . Detailed description of the 2D simulations and produced results will be published in a separate paper.
The result of a 2D simulation showing the density distribution of C 2 in the arc is presented in figure 4(a) . The input parameters for the model are the same as in the experiment described in the preceding sections of this paper (graphite electrodes, 6.5 mm anode and 9.5 mm cathode in diameter, 66.7 kPa helium gas pressure, current 50 A). However, while the carbon fluxes towards the cathode were accounted for in the model, the geometry change due to the growth of the cathode deposit was not simulated, i.e. the cathode surface remains flat in the simulation in contrast to deposit formation in experiment, as shown in figure 4 . The obtained C 2 density distribution shown in figure 4(a) ) features the bubble-like shape similar to the shape seen in the measurements shown in figure 4(b) . The bubble size, bubble boundary layer thickness and density obtained from the simulation are in good agreement with the experiment. In addition, the simulation showed extensive formation of C 2 near the anode surface as observed in the experiment. The density of C 2 molecules in the bubble boundary layer can also be estimated analytically from the transport equation for carbon atoms. According to the simulations and measurements, carbon is present only in atomic form in the arc core, where temperature is about 10 000 K [26] . Approaching the arc periphery, the temperature decreases and reaches a range at which C 2 molecules are significant fraction of the composition of the carbon species mixture; this region corresponds to the bubble boundary layer further denoted as the bubble layer, see figure 4 for notation. According to the mixture composition calculations in appendix E, this temperature range is about 4000-5000 K; at lower temperatures, larger carbon molecules are the primary species present. According to this general picture, carbon atoms diffuse from the arc core through the bubble layer where they associate and form carbon molecules. Note that according to the simulations, in the bubble layer, helium atoms are the dominant species, because this region is sufficiently far from the anode ablation area. The total flux of carbon atoms through the entire bubble can be estimated as:
where R bubble is the radius of the bubble, d arc is the interelectrode gap, L bubble -thickness of the bubble layer, n C,in is the carbon density at the inner side of the bubble boundary, -D C He is the diffusion coefficient of carbon in helium, which can be expressed as: is collisional cross-section, n He is helium number density, v th,C is thermal velocity of carbon atoms:
th,C C where k is the Boltzmann constant, T is the gas temperature in the bubble layer, and m C is the carbon atom mass. The helium number density can be assessed from:
He where p is the total background gas pressure. The total flux of carbon atoms escaping from the arc core can be also determined from the difference between measured rates of carbon ablation from the anode surface and its deposition on the cathode G , C,out which is about 0.2 mg s −1
[26]
Knowledge of the carbon flux escaping from the arc allows us to estimate the carbon density at inner side of the bubble boundary, n , C,in from equation (5) and then express number density of C 2 molecules. According to our estimations, density of C 2 molecules is roughly equal to ¼ of C atoms density in the temperature range corresponding to high concentration of C 2 molecules (see appendix E). Thus, the average density of C atoms is:
Note that ratio R bubble to L bubble in equation (5) is defined by radial temperature profile in the arc, which is rather similar in most carbon arcs and is about 3.
Finally, from equations (5)- (10) it follows that:
For the arc with inter-electrode gap length of 4 mm, equation (11) predicts C 2 density is about´-8 10 cm 15 3 , which is within the range of simulated and measured results.
Implications for understanding the synthesis processes
The results of this study have several important implications for understanding the synthesis of nanomaterials in a carbon arc:
(a) The C 2 bubble boundary layer is located in the reported single-wall CNT growth region. According to our simulations and [20] , the formation of C 2 is followed by the formation of larger carbon molecules, C 3 , C 4 , etc. The recent study [22] shows that presence of the C 2 can accelerate nucleation processes in a CVD synthesis of CNTs. Therefore, molecular carbon plays an important role in the synthesis process and should be considered in synthesis simulations. (b) The dynamics of the C 2 bubble, mostly populated in the boundary layer, introduce an additional time dependence in the synthesis path. Synthesis in carbon arcs, routinely operated in high ablation mode, is modulated due to the arc dynamics that has not been considered in synthesis simulations. Although the intrinsic time scale of nanostructure growth is believed much shorter than the μs time scale of the arc oscillations, it can affect the properties of the synthesized nanomaterial due to nonintentional functionalization in such a time varying plasma environment. This follows from comparison of the ms-time scale of the nanostructure movement through the bubble layer and the tens of μs characteristic arc oscillation time. range, but the bubble-like spatial profile undergoes a sporadic motion following the arc core dynamics. In contrast, in arcs operated in the low ablation mode, the C 2 concentration in the bubble boundary layer is low, in the 10 15 cm −3 range, and the bubble does not move largely during the arc duration. However, in both arc modes the location of the C 2 bubble layer (3-5 mm from the electrode center) coincides with reported region of CNT growth [1] . The results of this study are important for further development of predictive models of nanomaterial synthesis in carbon arcs.
Conclusions
This appendix describes the steps carried out to calibrate the LIF setup and to process planar LIF images to obtaining quantitative measurements of the C 2 density in the arc discharge. It includes a description of LIF tuning to the (3, 1) transition, RS measurements to obtain calibration constants of the LIF detection system, evaluation of the saturation effect, and determination of the effective lifetime of the excited state.
Appendix A. LIF tuning
Two procedures in the calibration of the planar LIF setup were carried out using a conventional LIF setup. First, we describe the tuning of the LIF laser to the C 2 (3, 1) transition wavelength. In conventional LIF measurements the fluorescence radiation from the interaction volume was imaged by an f/4 optical system onto the entrance slit of a spectrometer (Horiba iHR550 with 2400 gr mm −1 grating). The light-collection system optical axis was perpendicular to the laser beam. The image formed by the collection lens was spatially filtered using two adjustable slits, defining the probed interaction volume as the intersection of the laser beam and observation cone as shown in figure 1 . The photo-multiplier tube (PMT, Hamamatsu R1894) was coupled to the output of the spectrometer, which was equipped with an additional motorized slit to control the spectral bandwidth of the light entering the detector. As a result, undesired light (stray light, scattered radiation from optical elements, laser beam and especially plasma emission) were effectively suppressed by a 0.4 nm spectral window.
The pump laser was controlled by a trigger generator (BNC 575). Signals from the PMT and the photodiode were recorded by a 1 GHz oscilloscope (Lecroy WaveSurfer 10). To ensure reliable detection of the LIF signal the oscilloscope was triggered by a reference TTL signal generated by the trigger generator, accounting for the time delay of the laser beam output (Q-switch and delays in internal electrical circuits) and propagation time. This approach also ensures the background signal recording during desired time interval.
The laser beam was expanded along a distance of 2 m to form a uniform beam profile at the aperture plane. This served to diminish the possibility of local saturation by laser spots ruining the LIF measurements. During the LIF measurements the laser beam energy was kept below 50 μJ. Laser energies were monitored using a photodiode that was calibrated by an energy meter (Thorlabs PM121D) with a pyroelectric head (Thorlabs ES220C).
As reported in a previous work [26] , the Swan bands
of C 2 are major contributors to the arc emission in the visible wavelength range. The Swan (3-1) band was used for measurements of C 2 density distribution in this work. Figure A1 shows a LIF excitation scan around the (3, 1) bandhead.
The band structure was not observed due to the limited duration of the arc operation and the time-and spacevariation of the C 2 distribution in the arc. The region of C 2 formation, which partially correlates with the emission pattern and has a bubble-like shape, evolves in space (mm scale) and time (kHz range) due to motion of the arc core [26] . Therefore, the probe volume, which is fixed in space, contains carbon dimers in different states for each subsequent laser shot, which are separated by a 0.1 s interval. This difficulty can be partially overcome by cross-correlation of the C 2 bubble position with the laser shots and by operating the arc in low ablation mode. In this regime, the C 2 bubble fluctuations are strongly suppressed and behave like so-called breathing oscillations where the bubble center of mass remains fixed in space. Together with statistical averaging of the LIF signals the obtained excitation spectrum was only used for the tuning of the laser wavelength to the (3, 1) transition. The C 2 absolute density measurements were carried out using planar LIF.
Appendix B. Rayleigh calibration
The planar LIF diagnostic was calibrated by RS in air. The main objectives of this calibration were:
(a) To obtain the energy distribution profile of the sheet laser beam; and (b) To obtain all the terms depending on the probe volume, parameters of optical elements used in signal acquisition and the detector efficiency, etc, required in equation (4) to obtain quantitative planar LIF measurements.
In the RS calibration of the planar LIF system, the alignment of the beam, laser energy per pulse, voltage applied to the photo-multiplier tube, and iCCD camera settings were kept identical to those used for the LIF measurements in the arc. Since the RS process is less efficient than resonance photon absorption, the RS signals were small and a number of RS images were accumulated to achieve the desired SNR. The background was then subtracted to obtain a 2D distribution of the RS signal as schematically shown in figure B1 . The bright spots seen in figures B1(a) and (c) and originated from impurities in the air were removed in postprocessing.
The RS signal distribution in the transverse direction of the sheet laser beam was obtained by summing the camera pixel intensities along the beam propagation direction (vertical direction in figure B1 ) as shown in figure B2 . Since the RS signal is proportional to laser energy, µ E S , where y and z are the coordinates of the individual pixels. Thus, the actual laser energy distribution in the RS measurements can be calculated as
RS with E L RS being the total laser energy per pulse measured by a pyroelectric detector. The close proximity of the LIF excitation and fluorescence wavelengths allows the same profile to be used for LIF signal measurements:
The RS signal is also proportional to the laser fluence,
where E L RS is the laser energy per pulse and A L is the laser beam cross-sectional area. It can be expressed similarly to equation (3):
Here, V is the interaction volume, n gas is the particle density of the scatterers, Ω is the light collection solid angle, K is the cumulative constant including response function and efficiency of the acquisition system. The RS cross-section, , was obtained from [34] . The density of scatterers was calculated from the ideal gas law, = n , p k T gas gas B gas where k B is the Boltzmann constant, p gas is the gas pressure, and = T 298 K gas is the gas temperature. Thus, the RS signal can be written as
where α can be obtained from a linear fit to the RS signal as a function of gas pressure and laser energy, as shown in figure B3 . It includes most of unknown terms in equation (4) except for the effective lifetime of the excited state, which is discussed in the following section.
Appendix C. Lifetime of the C 2 excited state
The apparent lifetime of the C 2 excited state in an atmospheric pressure plasma strongly depends on the radiation lifetime and quenching rates. Additional terms related to dissociation and coagulation processes leading to the loss of carbon dimers can also shorten the excited state lifetime. The effective lifetime can be written in general form as
where each term is temperature dependent and some terms may depend on the local density of quenchers assuming constant background gas pressure. Here, A is the spontaneous emission coefficient, (corresponding lifetime of 120 ns [35] ) and n i is the quencher number density for quenchers of type i with quenching coefficient q .
i The last term, O, represents all other processes leading to reduction of the lifetime of the state. When quenching rates are known for certain quenchers in gas mixtures, their dependence on temperature and number density complicates the use of equation (16) in most cases when non-stationary atmospheric plasma is involved as is the case for the carbon arc [26, 27] .
The first measurements of the LIF signal decay revealed that the effective lifetime of the excited state is comparable to the laser pulse duration, 8 ns, as shown in figure C1 . However, after the extinction of the laser pulse, the rate equation for the excited state is reduced to a decay problem with a single-exponential solution characterized by the effective life time t :
where n exc is the population of the excited state. Therefore, the decay time of the LIF signal was measured starting 10 ns after the extinction of the laser pulse beginning with the lower background gas pressure for which the decay time is longer. The pressure was gradually increased to 500 Torr keeping all other parameters identical, e.g. discharge current and voltage, PMT bias voltage, laser beam energy, etc. Since the helium is a viscous medium preventing expansion of the arc plasma, the pressure decrease led to expansion of the C 2 bubble. Thus, the detection window was scanned to find the maximum C 2 density at each pressure value and the corresponding decay time was measured. The obtained pressure dependence of the decay time is shown in figure C2 .
Appendix D. Saturation effect
Compared with conventional LIF, the planar LIF geometry makes possible instantaneous measurements of fluorescence over a large area with high spatial and temporal resolution. This is valuable for measurements in the arc discharge for nanomaterial synthesis, which is characterized by fast shape variation and unpredictable motion [26, 27] . However, this implies a strong requirement for single shot measurements by planar LIF. Since spontaneous emission is the main contributor to the background level in the planar LIF measurements, the choice of C 2 excitation scheme (3, 1) was the one Figure B3 . Dependence of the RS signal on product of the gas pressure and laser energy for planar LIF geometry. The gray band represents the measurement errors. The slope α defines the unknown terms in equation (4) used for quantitative planar LIF measurements. with the largest SNR ratio. Transitions with low vibrational quantum numbers such as, (0, 0), (0, 1), etc, are more intense, meaning that their upper states are well populated and thus effect of the population increase due to stimulated absorption of laser photons may not be large.
Another option is to increase the laser energy since the LIF signal is proportional to the laser energy. This applies until the contribution of laser-stimulated emission is small and does not affect the population of the excited state. In general, this effect of transition saturation can be accounted for by the saturation parameter s, which affects the LIF signal according to:
where E L is the laser energy, S LIF is the measured LIF signal and Y LIF is the LIF signal per unit laser energy without the saturation effect. For the planar LIF geometry the saturation parameter becomes a function of transversal beam coordinate following the spatial profile of the laser intensity shown in figure B2 . However, it was impossible to derive such a dependence due to large error bars. Therefore, the saturation parameter was calculated from the fit of the calibration curve shown in figure D1 with integrated LIF signal. The measured LIF signal was then corrected using the obtained parameter =  s 0.036 0.01 (1 μJ ).
Appendix E. Mixture composition calculations
We performed computations of the C-He mixture composition based on our experimental conditions using the same approach as in [20] -minimization of the Gibbs energy. The results are shown in figure E1 . The ratio of the C 2 concentration to the total concentration of carbon, C total , is calculated for different compositions of He-C mixture (shown in the legend bars, 0.01, 0.1, and 1).
Similarly, the ratios of C 2 to C (carbon atoms) are calculated (dashed lines in figure E1 ) but near the maximum content of the C 2 in the He-C mixture. The obtained ratio C 2 /C is within a narrow range of (0.2;0.3) and can be safely assumed to be 0.25 for a wide range of He-C mixture compositions.
Appendix F. Ex situ evaluation of low ablation products
The differences in C 2 observed during high and low ablation mode correlate to the carbon nanomaterials produced in volume during each mode, respectively. Low ablation mode is presented below while characterization of comparable materials grown in high ablation mode can be found in our previous work Yatom et al [30] . While both modes produce SWCNTs, SWCNHs, and amorphous carbon, the ratio of SWCNTs to other carbon nanomaterials is higher for samples collected in high ablation mode than low ablation mode.
Samples of CNTs produced in the low ablation mode were collected on copper wires that had been placed near the anode during arc operation. Nanomaterials were analyzed using Raman spectroscopy and TEM. The material collected on the wires was analyzed directly using a Horiba LabRam ARAMIS Raman spectrometer at 532 nm (2.33 eV) and 633 nm (1.96 eV). Figure F1(a) shows the full Raman spectra of these nanomaterials at 532 nm with all characteristic modes for CNTs: radial breathing mode (RBM), D, G−, G+, M−, M+, iTOLA, G′, 2LO, and 2 G [36] . The relatively high ratio of D to G−/G+ is indicative of the presence of SWCNHs [37] . A broad feature at ∼1535 cm −1 is attributable to amorphous carbon [38] . The presence of RBMs with both 532 and 633 nm excitation ( figure F1(b) ) confirms the presence of SWCNTs with a range of diameters [36] .
TEM grids were the prepared of the materials analyzed by Raman using dry transfer. These samples were surveyed using a FEI Talos F200X scanning/TEM. The nanomaterials were observed to be predominantly SWCNHs and metal nanoparticles. CNTs were a small fraction of the total nanomaterials imaged. Only SWCNTs (no double or multiwalled nanotubes) were observed ( figure F1(c) ). 
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